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ABSTRACT We studied single molecular interactions be-
tween surface-attached rat CD2, a T-lymphocyte adhesion
receptor, and CD48, a CD2 ligand found on antigen-presenting
cells. Spherical particles were coated with decreasing densities
of CD48-CD4 chimeric molecules then driven along CD2-
derivatized glass surfaces under a low hydrodynamic shear
rate. Particles exhibited multiple arrests of varying duration.
By analyzing the dependence of arrest frequency and duration
on the surface density of CD48 sites, it was concluded that (i)
arrests were generated by single molecular bonds and (ii) the
initial bond dissociation rate was about 7.8 s~!. The force
exerted on bonds was increased from about 11 to 22 pN; the
detachment rate exhibited a twofold increase. These results
agree with and extend studies on the CD2-CD48 interaction
by surface plasmon resonance technology, which yielded an
affinity constant of ~10* M~! and a dissociation rate of =6
s~L It is concluded that the flow chamber technology can be
an useful complement to atomic force microscopy for studying
interactions between isolated biomolecules, with a resolution
of about 20 ms and sensitivity of a few piconewtons. Further,
this technology might be extended to actual cells.

The outcome of cell interactions is highly dependent on the
rate of bond formation and dissociation between membrane
adhesion molecules. This has led several authors to study the
lifetime of single associations between surface-bound biomol-
ecules. The basic approach has been to make cells or model
surfaces adhere through a few or even isolated molecular
bonds by means of high receptor dilution (1-6) and/or very
short contact time (7-9). Bond rupture is monitored by
subjecting adherent particles to a small distractive force rang-
ing between 1 and about 20 pN. This was low enough to affect
bond lifetime only minimally but high enough to impart a
substantial velocity on bound particles, a velocity that is
necessary to enable rapid detection of detachment events.
Using such methods, it was possible to demonstrate that the
lifetime of interactions between endothelial cell selectins and
their ligands on leukocytes was of the order of 1 s (5, 8), and
it was suggested that a single molecular bond efficiently
resisted the hydrodynamic drag experienced by leukocytes in
flowing blood (5). This might account for the peculiar leuko-
cyte capacity to roll along inflamed blood vessels with a
velocity of several micrometers per second in presence of a wall
shear rate of several hundreds per second (10, 11). When the
same approach was applied to other biological systems, it was
found that the formation of high affinity antigen—antibody
interactions might involve the occurrence of intermediate
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binding steps lasting about 1 s (4, 7) and that lymphoid cells
interacting with immunoglobulin-coated surfaces displayed
transient adhesions of similar lifetime (9). It was therefore of
obvious interest to determine whether still shorter interactions
might be detected between cell adhesion receptors, leading to
the hypothesis that bond formation between many biomol-
ecules might involve the appearance of numerous intermediate
binding steps spanning a wide spectrum of lifetime durations,
with possible functional significance.

The interaction of the T-lymphocyte adhesion molecule
CD2 with its ligand CD48 on antigen-presenting cells enhances
antigen recognition by the T-cell antigen receptor, possibly by
enhancing the physical interaction between the T-cell receptor
and the peptide antigen bound to major histocompatibility
complex molecules (12). Recent data indicate that antigen
recognition by the T-cell receptor is highly dynamic, suggesting
that it will depend critically on the kinetics of receptor-ligand
interactions (13-15). The CD2-CD48 interaction is among the
best-characterized cell-adhesion systems, interacting in solu-
tion with a very low affinity (=10~* M~!) and a dissociation
rate constant of at least 6 s™'. A model outlining the relation-
ship between the binding kinetics of surface-attached mole-
cules and soluble molecules was proposed in 1978 by Bell (16),
but it has not been possible to verify this model experimentally.
In this report, we describe an improved methodology that
allows a quantitative kinetic study of the interaction between
surface bound forms of CD2 and CD48.

METHODS

Molecules and Surfaces. Streptavidin-coated spheres of 2.8
pm diameter (Dynabeads M280, Dynal France, Compiégne)
were coated with a soluble chimera including two extracellular
immunoglobulin-like domains of rat CD48 linked to two
immunoglobulin domains (domains 3 and 4) of rat CD4 (17)
by means of the biotinylated anti-rat CD4 murine monoclonal
antibody OX68 (18), yielding a surface density of about 3,460
antibody binding sites per square micrometer (7). Site dilution
was performed by diluting anti-CD4 antibodies with an irrel-
evant biotinylated anti-HLA-DR (Immunotech, Marseille,
France). Glass surfaces were coated with recombinant soluble
rat CD2 (residues 1-177; ref. 19) as previously described (7) by
sequential treatment with polylysine, glutaraldehyde, 40 ug/ml
soluble CD2 in phosphate buffer (pH 7.2), and glycine. The
surface density of CD2 reactive sites was measured with
confocal laser microscopy (9) after labeling with excess anti-
CD2 monoclonal antibody (OX34; ref. 20) and fluorescent
anti-mouse kappa chain antibodies (clone H139.52.1, supplied

TTo whom reprint requests should be addressed.



Biophysics: Pierres et al.

by Immunotech). Treated surfaces displayed about 400 sites
per square micrometer.

Flow Chamber. Our apparatus has been previously de-
scribed (7, 8). A rectangular cavity of 6 X 17 X 0.16 mm? was
formed with a drilled plexiglas block and CD2-coated glass
coverslips that were stuck with silicon glue. The flow was
generated by a 1-ml syringe mounted on an electric syringe
pump (Razel, Stamford, CT, supplied by Bioblock, Illkirch,
France). The chamber was set on the stage of an inverted
microscope (IM, Olympus, New Hyde Park, NY) and moni-
tored with a X100 oil objective (n.a. 1.25). The microscope was
equipped with a high sensitivity silicium intensified target
camera (Model 4015, Lhesa, Cergy Pontoise, France), and all
experiments were recorded on a videotape recorder for de-
layed analysis. In a typical experiment, 2 ml of bead suspension
(3 X 10°/ml) was driven through the chamber with a wall shear
rate ranging between about 11 and 44 s~!. The suspending
medium was phosphate buffer (pH 7.2) supplemented with 1
mg/ml bovine albumin (Sigma).

Determination of Particle Trajectories. We used an im-
proved methodology that was validated in recent reports (21,
22). The video signal was subjected to real-time digitization
with a PCVision+ card (Imaging Technology, Bedford, MA,
supplied by Imasys, Suresnes, France) mounted on a personal
computer (80486 Intel microprocessor, 25 MHz frequency).
The pixel size was 0.17 wm along the direction of particle
motion. The odd and even frame of each video image were
analyzed separately, yielding a time resolution of 0.02 s. A
custom-made assembly language software was devised to
determine the particle position in each frame by determining
the sphere boundary and calculating its area and the coordi-
nates of the center of gravity. This procedure allowed about
0.02 wm accuracy in position determination (22). Continuous
recording of particle area allowed easy detection of artifactual
events such as collision between a moving and a bound sphere.
High rapidity was achieved by transferring to the host com-
puter memory only a small (32 X 32 pixel) image surrounding
the particle. All trajectories were recorded on the computer
hard disk for delayed analysis. The analysis performed in this
report was based on the monitoring of 3791 particles, yielding
507,776 positions. For a typical trajectory, see Fig. 1.

Data Analysis. Because of the high number of recorded
positions, it was necessary to develop a dedicated software for
data processing. The choice of a threshold for arrest detection
was obtained after several trials and errors, because this choice
depended on the regularity of particle motion and the maxi-
mum amplitude of the error created in determining the
position of a given particle. With a standard wall shear rate of
22571 it was convenient to define as arrested a particle moving
by less than 0.34 um (i.e., two pixel units) during an interval
of 60 ms. An arrested particle was defined as departing when
it moved by more than 0.68 wm during a similar interval of 60
ms (this was required to exclude artifactual splitting of long-
term arrests due to isolated fluctuations of position). In any
case, all detected arrests were checked by visual examination
of the trajectory.

The binding probability (expressed in s~!) was calculated in
a given experiment as the ratio between the number of
detected arrests and the duration of particle monitoring (8). It
was repeatedly found that a particle resuming its motion after
a stop had higher probability to display another binding event
than particles having exhibited no arrest, probably because of
a decreased particle-to-surface distance immediately after
departure. Therefore, the binding probability was calculated
by considering only first arrests of individual particles and by
defining as monitoring duration only the period of time
preceding the first arrest. A criterion for deciding that our
methodology allowed the detection of arrests mediated by
single molecular bonds would be that the binding probability
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be proportional to the first power of the surface density of
binding sites on beads or surface (4, 5, 7, 23).

The lifetime of interactions under given experimental con-
ditions was determined by ordering the durations of measured
arrests (8) and plotting the percent of cells remaining bound
at time ¢ after an arrest versus ¢ (4) with a semilogarithmic
scale. If arrests were mediated by single bonds, the detachment
curves (see Fig. 2) were expected to be straight lines, with a
slope equal to the bond dissociation rate k—. However, as
previously discussed (4), if bond formation could occur (with
association rate k) after a first binding event, dissociation
curves might also appear as straight lines if the sampling
frequency of position determinations was less than k.. How-
ever, the initial slope of detachment curves would depend on
binding site concentration. A simple model was used to derive
k. from the dependence of initial detachment rate of binding
site density, assuming that the number of particle-to-surface
bonds was equal to or less than two, and dissociation rate was
similar when particles were bound by one or two bonds (which
seems correct due to the absence of lateral mobility of bound
molecules). Defining as P;(¢) and P»(¢) the probability that a
particle bound at time 0 by a single bond remained bound at
time ¢ by one or two bonds, respectively, we may write

dP(t)/dt = 2k _Py(t) — (k+ + k_)P1(¢) [1]
dP,(t)/dt = k  P(t) — 2k _P,(1). [2]

The standard procedure is to look for a combination V of P,
and P, such that

V=Pl + aP2 [31
dv/dt = AV (1). [4]

After simple algebraic manipulations, we obtain two solutions
for « and A, namely

o = [r- - Vm]/zr 51

)\+=[—r—3 + V/m]k/l (6]

where r is k. /k_. Eqgs. 3 and 4 are readily solved, and the
probability Py(¢) that a cell is bound at time ¢ when there is
exactly one bond at time 0 is

r+1+36 -r —3+59
Py(t) = Pi(t) + Py(t) = eXp< k,t)

26 2
r+1-28 -r—3 -39
— 25 exp( > k,t>, [7]
where
8= @ + 6r + 1). [8]

Statistical Tests. The deviation from linearity of experi-
mental curves was quantified with a method based on variance
analysis (24). The principle was to determine the significance
of improvement obtained by approximating the curve with a
second order polynoma as compared with linear regression.
The significance of correlation between dissociation rate and
binding site density was studied by calculating nonparametric
rank correlation. The accuracy of binding probability deter-
mination was estimated by ascribing to the number N of
detected arrests a standard error of VN (24) after pooling all
data corresponding to a given experimental condition.
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RESULTS

Detection of Specific Molecular Interactions. When CD48-
coated spheres were driven along CD2-derivatized surfaces,
their motion consisted of linear displacements with fairly
constant velocity separated by apparent arrests with a duration
ranging between several tens of milliseconds (Fig. 1, double
arrows) and several tens of seconds or more. It was important
to demonstrate that these arrests were actually due to CD4—
CD48 interactions. In a first series of experiments (not shown),
the binding probability was drastically reduced when beads
were treated with anti-CD4 alone (without CD4-CD48 chi-
mera) or irrelevant anti-HLADR and CD4-CD48. Second, it
was found that the binding probability experienced a more
than fourfold decrease when glass coverslips were treated with
the anti-CD2 antibody OX34, which blocks CD48 binding (18).
Finally, the dependence of binding probability on bead site
density was studied. As shown on Fig. 2, when anti-CD4 were
diluted between 1/8 and 1/64, the binding probability dis-
played fairly linear decrease with respect to antibody concen-
tration, since the slope of the regression line was 0.9889 on a
double logarithmic plot. This suggested that our apparatus
could detect arrests initiated by single molecular binding
events.

The Initial Detachment Rate of Bound Particles Exhibits
Pseudo-First Order Kinetics. First, experiments were con-
ducted with a wall shear rate of 22 s~! with different dilutions
of anti-CD4 antibodies on beads. The durations of individual
arrests had to be determined. A particle was defined as
arrested at some time when it moved by less than two pixel
units (i.e., 0.34 wm) during the following N steps of 0.02 s each.
Several tentative values of N were tried. Indeed, if the value of
N was too high, very transient events might have been missed,
thus increasing the mean arrest duration. Conversely, if the
value of N was too low, a lumping of two sequential arrests
separated by a very short displacement may have resulted, also
increasing the mean arrest duration. As exemplified in Fig. 3,
the distribution of arrest durations did not strongly depend on
the definition of arrests when N comprised between 3 and 6 for
a wall shear rate of 22 s™1, although it might be difficult to
determine the precise boundaries of arrest periods on indi-
vidual curves. Therefore, the threshold value of 3 was chosen
for all experiments made at a wall shear rate of 22s~ ! or 44 s~ 1.
When the wall shear rate was 11 s™1, a higher value of 6 often
yielded more satisfactory definition of particle arrests.

POSITION (um)

60

50

30

20

10

3
TIME {second)

Fic. 1. Typical trajectory. The position of a CD48-coated bead
driven along a CD2-derivatized surface by a wall shear rate of 22 s~!
is shown. Periods of regular motion with constant velocity (of order of
20 pm/s) are interspersed by arrests of variable duration ranging from
a few tens of milliseconds (double arrows) to several hundreds of
milliseconds (simple arrow) or more (not shown).
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Fi1G.2. Dependence of binding probability on binding site density.
Beads were coated with various densities of CD48 sites and driven
along CD2-derivatized surfaces with a wall shear rate of 22 s~1. The
binding probability was calculated as the mean number of detectable
arrests per second of observation. Each point represents between 32
and 115 arrests, determined on hundreds of beads for each concen-
tration. Each vertical bar represents twice the theoretical standard
error calculated as explained. The straight line is a regression line
determined on the five highest dilutions. The slope is 0.989 and the
correlation coefficient is 0.919.

Detachment curves were determined for six sequential
twofold dilutions of anti-CD4 (from 1/1 to 1/32), using a wall
shear rate of 22 s~1. Two representative detachment curves
(1/1 and 1/8 dilution) are shown in Fig. 4. A general finding
was that curves drawn on a semilogarithmic plot were fairly
linear during the period of 0.25 s following initial arrest.
Indeed, deviation from linearity was significant at the 0.05
level for only two studied dilutions out of six (1/1 and 1/32),
and the correlation coefficient between time and log (percent
bound particles) ranged between 0.967 and 0.994. Further, the
initial detachment rate depended on dilution, as shown in Fig.
5 (this dependence was significant at the 0.05 level, as deter-
mined with nonparametric rank test). The simplest interpre-
tation of this finding was that the occurrence of a first
molecular bond initiating bead arrest might be followed by the
formation of additional bonds with a frequency comparable to
or higher than the sampling rate of 50 positions per second (4).
The simplest model for this possibility was to assume a on-rate
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F16.3. Dependence of the detachment rate on the criteria used for
defining arrests. In a representative experiment (with a wall shear rate
of 22 s71), particles were defined as arrested if they moved by less than
0.34 pm during an interval of 60 ms (A) or 120 ms (+). Distributions
of arrest durations were fairly similar.
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FiG. 4. Typical detachment curves. The percent of particles re-
maining bound at time ¢ after an arrest at time zero was plotted versus
¢t on a semilogarithmic scale. The wall shear rate was 22 s~L. Site
dilution was 1/1 (+, 115 arrests) or 1/8 (2, 94 arrests). Typically, lines
were fairly linear during the first 0.25 s, a significant curvature
occurred between 0.25 and 0.5 s, and fairly linear aspect was again
found during the next 0.5 s.

of bond formation k. /d, where d is the antibody dilution,
leading to Eqgs. 1 and 2 as described above. The aforemen-
tioned model was used to fit the initial detachment rate to
experimental data. The fitted curve is shown in Fig. 5. The
estimated on- and off-rates of bond formation were k_ = 7.8
s~land k+ = 39.6 s, respectively.

A Distractive Force of About 22 pN Can Result in Increase
of About Twofold in the Initial Detachment Rate. It was found
of interest to determine the dependence of the detachment
rate on hydrodynamic force. When beads treated with undi-
luted anti-CD4 and sCD4-CD48 were exposed to wall shear
rates of 11, 22, and 44 s~1, the initial detachment rates were
2.68,2.37,and 5.27 s~!, respectively (Fig. 6). The force exerted
on a single molecular bond about 20 nm long formed between
an arrested bead and the surface was previously estimated at
about 0.51 X 107!2 X G, where G is the wall shear rate (7). It
is therefore concluded that the initial bead detachment rate
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F1G. 5. Effect of site dilution on detachment rate. Wall shear rate
was 22 s~ 1. Circles represent the initial detachment rate. The solid line
represents a theoretical plot of detachment rate versus dilution. The
theoretical detachment rate was defined as the first decay constant of
binding probability [i.e., as shown in Eq. 7, (r + 3 - 8)k—/2]; this was
calculated assuming that k- was independent of dilution, whereas &+
was inversely proportional to the dilution factor. Fitted values of
unknown parameters were k+ = 39.6 s™! and k- = 7.8 s~1. Squares
represent the mean detachment rate between 0.5 and 1 s after arrest.
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FiG. 6. Effect of wall shear rate on detachment rate. Bead motion
was followed with a wall shear rate of 11 s™! (+) or 44 s~! (») with
maximum site density. Detachment curves were constructed as de-
scribed above (see legend of Fig. 4).

was approximately doubled when the applied force was raised
to about 22 pN. Note that the force experienced per bond is
inversely proportional to the square root of the length of
binding structure (7); therefore, the calculated force is not
strongly dependent on the precise value of estimated length.

Different Molecular Mechanisms May Be Responsible for
the Time-Dependent Strengthening of Bead Attachment.
Whereas detachment curves were linear on a semilogarithmic
scale during the first 0.25 s following attachment, they dis-
played significant curvature during the first second following
arrest (Fig. 4). Indeed, nonlinearity during the first second was
significant at the 0.005 level for all experimental curves. The
average slope of detachment curves between times 0.5 and 1 s
ranged between 0.32 and 1.11 s™!, as compared with about
four- to eightfold higher values measured during the first 0.25 s
(Fig. 5). Interestingly, the average detachment rate during
times 0.5 and 1 s was not altered when the shear rate varied
between 11 and 44 s~! (Fig. 6).

DISCUSSION

First, we demonstrated the feasibility of studying low affinity
interactions (dissociation constant of order of 10~* M) with
high dissociation rate (=6 s™!). Two key features of our
methodology were the use of spherical particles, thus allowing
accurate position measurement with a simple algorithm, and
low particle size, allowing adequate particle velocity with
minimal hydrodynamic force exerted on molecular bonds. This
is possible because, as previously shown, for a given shear rate,
the sphere velocity is proportional to the first power of radius
a, whereas the force exerted on a single bond maintaining a
particle at rest is proportional to a*° (7). Thus, under our
experimental conditions, bonds were subjected to a stress
ranging between about 5.5 and 22 pN, whereas free particles
moved with a velocity between 10 and 40 um/s, allowing in
principle clear-cut detection of arrests lasting 20 ms. Thus, the
flow approach can prove an useful complement to atomic force
microscopy (25-29) as well as recently described ultrasensitive
methods of studying weak interactions between particles (30, 31).

Second, the calculated rate of bond dissociation (i.e., about
857 1) between surface-attached CD2 and CD48 was consistent
with the estimate obtained with the BIAcore™ or BIAcore for
the off-rate of interaction between immobilized CD2 and
soluble CD4-CD48 (14).

Third, the value of the force required to reduce bond lifetime
significantly was consistent with previous findings, because the
strength of the avidin—biotin bond was found to be about 160 pN
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(25), whereas a force of 110 pN increased by a factor of 3.5 the
dissociation rate of selectin-ligand interactions (5).

Fourth, dissociation curves (Fig. 4) unambiguously revealed
a marked bond strengthening during the first second following
arrest. In view of the estimated value of the rate of formation
of a first additional bond (i.e., about 40 s~ 1), three nonexclusive
hypotheses might be considered to account for our findings. (i)
Additional bonds might appear between particle-bound CD48
and immobilized CD2. This process might be significantly
slower than the formation of the second bond because of
geometrical constraints, e.g., slower motion of a sphere at-
tached by two bonds. (if) The high k_ value might reflect the
existence of an intermediate state with incomplete binding, as
previously described (7). This would imply that the off-rate of
the completely bound state be much lower under our exper-
imental conditions than in a BIAcore apparatus. This possi-
bility would be in line with a previously reported theoretical
model (16), if the mobility of bound molecules is considered as
severely restricted in our model. However, there is no direct
experimental evidence for an intermediate binding state at the
present time. (iii) Finally, nonspecific interactions between
particles and coverslips might be enhanced after the formation
of a first bond. Experimental data cannot discriminate be-
tween the above three hypotheses, and additional studies are
required to achieve a safe interpretation of our results.

Finally, our results indicate that, as suggested by the solution
studies (32), the CD2-CD48 interaction is indeed very unsta-
ble, dissociating in about 0.1 s. This is compatible with a highly
dynamic interaction between T cells and antigen-presenting
cells, which could allow contacts to be broken and reformed
rapidly and would also facilitate lateral diffusion of cell-surface
molecules within existing contacts. Such properties would
facilitate identification by T cells of rare peptide antigen/
major histocompatibility complexes.
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